This paper presents a comparative study of several speed estimators to implement a sensorless speed control loop in Wind Energy Generation Systems driven by power factor correction threephase boost rectifiers. This rectifier topology reduces the low frequency harmonics contents of the generator currents and, consequently, the generator power factor approaches unity whereas undesired vibrations of the mechanical system decrease. For implementation of the speed estimators, the compared techniques start from the measurement of electrical variables like currents and voltages, which contain low frequency harmonics of the fundamental frequency of the wind generator, as well as switching frequency components due to the boost rectifier. In this noisy environment it has been analyzed the performance of the following estimation techniques: Synchronous Reference Frame Phase Locked Loop, speed reconstruction by measuring the dc current and voltage of the rectifier and speed estimation by means of both an Extended Kalman Filter and a Linear Kalman Filter.
Introduction
Wind Energy is one of the most promising renewable sources, not only in the Megawatt power range, but also in the case of small generators up to several kW. Small wind generators may be individually used, or in combination with other sources like photovoltaic panels, to take profit of the distributed generation concept. A Wind Energy Generation System (WEGS) is composed by an electrical generator which is driven by a power converter. In the low power range, Permanent Magnet Synchronous Generators (PMSG) [1] are usually preferred. A WEGS based on PMSG operates at variable speed, so that both amplitude and frequency of the generator output voltage vary in a certain range, following the wind speed [2] . Therefore, the power converter plays a double role. On one hand, it processes the energy that the generator produces, by injecting it into an electrical grid or by charging the batteries in stand-alone systems. On the other hand, the power converter is controlled by means of a Maximum Power Point Algorithm (MPPT) [3] , so that the wind turbine can extract as maximum energy as possible from the wind.
Several topologies of power converters to drive PMSG have been proposed [1] . In [4] a ThreePhase Boost Rectifier operating in Discontinuous Conduction Mode (DCM) with Peak Current Mode Control (PCC) was presented. With such a topology, the PMGS may be operated at power factors approaching unity, whereas the low frequency harmonics of the generator currents significantly decrease when compared to the Continuous Conduction Mode of operation. Fig. 1 shows the scheme of a low power WEGS based on a PMSG and a Three-Phase Boost Rectifier operating in discontinuous conduction mode. Grid connection of the WEGS is considered in this paper, so that the rectifier feeds the DC-link of a grid-connected power inverter. The control of the inverter stage is out of the scope of this paper, but details about this issue may be found in [5] - [6] . A current control loop regulates the PMSG torque, which directly depends on the generator currents and therefore on the dc current of the rectifier. After closing the current loop, a speed control loop regulates the PMSG following a reference signal that is calculated by the MPPT algorithm. To obtain the feedback signal for the speed control loop, it is possible to mount speed sensors on the shafts of the PMSG (resolvers, encoders or Hall-effect sensors). However, the use of these sensors increases the complexity, weight and cost of the system. Due to the fact that both the voltages and currents of the PMSG may be expressed as a function of the mechanical speed, the latter can be estimated from measurement of the electrical quantities, eliminating the need for mechanical sensors. This technique is known as sensorless speed control of the PMSG and was applied to WEGS driven by a back-to-back converter in [7] . The problem in developing speed estimators for the WEGS studied in this paper is that the measured signals contain low frequency harmonics of the fundamental frequency of the wind generator, as well as switching frequency components due to the boost rectifier. Furthermore, the fundamental and its low frequency harmonics have different values depending on the generator speed. This situation is depicted in Fig. 2 , where it may be seen the aspect of both the current and the voltage in one phase of the PMSG for several speed operation points. The performance of the following speed estimation methods is studied in this work: 1) synchronous reference frame Phase Locked Loop, 2) speed estimation by measuring dc current and voltage of the rectifier, 3) speed estimation using an Extended Kalman Filter, and 4) speed estimation using a Linear Kalman Filter. 
Speed estimation using a Phase Locked Loop
The first speed estimation method under study uses a Phase Locked Loop (PLL) based on the synchronous reference frame (SRF) [8] - [9] , following the scheme shown by Fig. 3 . The threephase system produced by the PMSG is transformed into the dq synchronous reference frame by using the Park transformation. The angular position of this dq reference frame is controlled by a feedback loop which controls the q component of the PMSG voltage to be zero ( = 0). is the magnitude of the d-component of the PMSG voltage in the synchronous reference frame, and is the transfer function of a simple proportional-integral controller. Given the generator speed range =150 and 600 rpm, and its pole number, =12, the electrical frequency of the PMSG, = • /12, ranges between: =15 and 60 Hz. The compensator is designed to obtain a crossover frequency of the loop gain less than /2, with a phase margin higher than 50
It is worth to point out that as is proportional to , the crossover frequency also varies with , so that the design of the PLL compensator is not straightforward. 
Fig. 4. Bode diagram (module and phase) of the SRF-PLL Loop Gain Transfer Function
Note that the Bode diagrams of the SRF-PLL loop gain strongly depend on the PMSG output voltage and therefore on the turbine speed. To avoid that, the SRF-PLL may be implemented by previously normalizing the PMSG voltages. This allows that the value of doesn't depend on the speed of the generator, so that it is possible to easily fulfill the required phase margin. The normalization of the PMSG voltages is defined following (2) In this case, the gains of the PLL controller are: = 70 and = 4200 rad/s. With the proposed approach, both the crossover frequency of the SRF-PLL loop and the phase margin is fixed in the whole range of the turbine speeds.
Speed estimation starting from the dc current and voltage of the Boost Rectifier
The speed estimation starting from the measurement of both the current and the voltage at the Boost Rectifier dc output follows the scheme shown by By analyzing the behavior of the rectifier [10] , it is derived that the rotational frequency of the PMSG can be expressed by (3)
where and are the current and voltage at the output of the diode bridge.
The drawback of this technique is that it depends on the characteristics of the boost rectifier and of the generator, which can change due to components aging, temperature, etc., producing estimation errors. Besides, the main advantage compared to other techniques is that additional sensors are not required, because the measured signals are also needed for other functions of the control structure.
Speed Estimation using Extended Kalman Filter.
The Extended Kalman Filter (EKF) has been extensively used in speed and position estimation of permanent magnet synchronous motors [11] - [12] and wind generators [13] . In the following, the fundamentals of the Kalman Filter concept are summarized and applied to the WEGS under study.
Extended Kalman Filter Concept.
The discrete state formulation of the EKF [11] - [12] is defined by (4)
where is the estimated signal vector, is the deterministic input vector and is the output vector.
(t) and (t) represent the process and measurement zero-mean Gaussian noises, respectively. The noise measurement are independent of the system state . Q and R will denote the covariance matrixes of (t) and (t), respectively. P is defined as the covariance matrix of the estimation error.
The EKF algorithm has two steps: estimation and correction. The first step sets a prediction of the state estimation ( 1) and of its covariance matrix ( 1). This is implemented by means of the following recursive relationships:
1( + 1) = ( + 1) ( ) ( + 1) +
where ( + 1) is expressed by (7) .
The second step corrects the prediction of the state estimation and that of its covariance matrix by feedback of the measured quantities. This is performed by means of the following recursive relationships:
( + 1) = 1( + 1) − ( + 1) ( + 1) ( + 1)
where ( + 1) is the gain matrix of the filter, being defined by (10).
( + 1) = ( + 1) ( + 1) ( + 1) ( + 1) ( + 1) +
In (10), matrix ( + 1) is determined by (11) .
In this application, the EKF can be implemented following two different approaches. The first one starts from the electromotive force of the PMSG, being the knowledge of the PMSG parameters necessary. The second approach directly uses the PMSG output voltage; the advantage is that it isn´t necessary to know the PSMG model or the PSMG characteristics.
Permanent Magnet Synchronous Generator Model.
The equivalent electrical circuit of the PMSG is shown in Fig. 6 . 
The PMSG electrical model can be expressed in the state space, as it is shown by (13).
The EKF estimator works with the PMSG modeled in a synchronous reference frame [14] , which is depicted in Fig. 7 , where and are the output voltages in the synchronous dq reference frame, and and are the generator output currents in the dq frame. Fig. 7 . Equivalent circuit of the PMSG in the synchronous reference frame.
The state space equations of the PMSG in the dq synchronous reference frame are expressed by (14) .
Estimation using the Electromotive Force.
The scheme of the speed estimator using the electromotive force is shown by Fig. 8 . Fig. 8 . Scheme of the speed estimator EKF using the electromotive force.
The values of , and that are applied to (4) are defined by (15) . Note that and are the measurement signals, represented in the stationary reference frame (αβ), as shown by (16) .
Equation (17) shows the relationship between the currents expressed in the synchronous reference frame (dq) and the stationary frame (αβ). 
is the estimated rotor position and is the estimated angular frequency. The discrete matrixes of the system are expressed by (18). They depend on the sampling time of the digital control system ( ). 
Estimation starting from the generator output voltages.
In the speed estimator starting from the measurement of the PMSG output voltages the values of , and are expressed by (20) . In this case, the measurement ( ) and the output ( ) signals agree. Both signals are represented in the stationary reference frame, following (21).
The discrete matrixes of the system are expressed by (22) . Note that they depend on the sampling time ( ). 
The scheme of the speed estimator starting from the generator output voltages is shown by Fig. 9 . Fig. 9 . Scheme of the speed estimator EKF starting from the generator output voltages.
Speed Estimation by means of the Linear Kalman Filter
In the EKF it is calculated a variable gain matrix (10) which requires a high computational cost. That may compromise its practical implementation. To reduce the computations, EKF can be simplified if the filter structure is known [15] - [17] , leading to the so-called Linear Kalman Filter (LKF).
In the LKF, the state vector is defined by (24).
= ́ (24)
The expressions for the rotor position, ( ), and for the angular frequency, ( ), are given by (25)
where ( ) is the zero-mean process Gaussian noise [15] .
For the analysis of the simplified estimator the output variables are the output voltages of the PMSG in the stationary reference frame, as shown by (26).
The LKF estimator extracts the speed information from the fundamental component of the PMSG output voltages, whereas other harmonic components are considered as measurement noise. Note that this approach is suitable for this application, because the output voltages contain both low frequency harmonics and switching frequency noise. The output variables are expressed in normalized form as shown by (27)
where both and represent switching noise and high-order low frequency harmonics. Considering the state space representation (25), the state vector (24), and the input u(k)=0 in (4), it is obtained (28):
The expression of , and ( ) matrixes are given by (29) and (30):
Applying (11) 
Applying (32) to (10) it is obtained the simplified filter gain, , following (35)
, y are the LKF gains which are pre-calculated using the Matlab DLQE (A,G,C,Q,R) command [18] , with input matrixes: A=As, G=R=G s , C=H s and Q:
In (36) the parameter allows to adjust the noise rejection ability, being chosen by trial and error.
Starting from (8), it is obtained the estimation error expressed by (37)
Finally, the LKF equations are expressed by (38).
For this application the following values of the LKF algorithm result: =5x10 6 , = 0.0032896, = 0.54221 and = 0.00044647. It is worth pointing out that the LKF gains are independent of the PMSG parameters and could be used with a different PMSG. Another advantage of the LKF speed estimator is that the only measurement needed is that of the output voltages of the PMSG, reducing the cost of the sensors in the system. Fig. 10 shows the scheme of the LKF speed estimator. Fig. 10 . Scheme of the speed estimator using a Linear Kalman Filter.
RESULTS
After the design and analysis of the speed estimators under study, their performance has been evaluated by means of accurate PSIM TM 7.0.5 simulations [19] . Fig. 11 depicts the response of the studied speed estimators to steps of the actual speed in the whole operation range. As shown by Fig. 11 , not all of them provide an accurate steady-state speed estimation. For instance, note that both the estimator starting from the dc current and voltage of the rectifier and the EKF starting from the electromotive force failed in estimation the actual speed for some operation points. The bad performance of such estimators is mainly attributed to both the switching noise and the low frequency harmonics present in the currents and voltages of the generator (see Fig. 2 ). The other estimators work reasonably well in steady state.
It is worth to point out the ripple that appears in the estimation signal of some estimators. The peak to peak ripple produced by each one of the estimators is a factor that has been measured and taken into account to perform the comparative study. In the case of the PLL estimator, the ripple of the speed estimation signal increases as the generator speed does. However, when the voltages at the PLL input are normalized, it stays the same ripple value in the whole generator speed range. For that reason, this solution is preferred over the PLL without normalized input for further analysis.
In all cases, the ripple should be removed without significantly delaying the estimation, which is used to close the speed control loop. To achieve that, a second order low pass filter with a cut-off frequency f c =20Hz has been chosen in this work. Fig. 11 . The response of each of the speed estimators to speed steps. Fig. 12 shows a detail of the speed estimation error for the three algorithms that have presented the best performance in steady state. The PLL estimator with normalized input has a maximum ripple of ±15 rpm. The estimator using an EKF measuring the voltages at the generator output has a maximum ripple of ± 4 rpm, whereas the LKF estimator has a maximum ripple of ± 10 rpm. Fig.   12 also shows the error of the estimators after filtering, so that the response time of each estimator can be easily measured. The PLL estimator with normalized input has a response time of 200 ms, the EKF estimator measuring the voltages at the generator output has a response time of 300 ms, and the LKF estimator has a response time of 80 ms. TABLE II summarizes the results of the comparative study of the different speed estimators under consideration. The best overall performance is achieved by the LKF estimator, so that it can be concluded that this technique is the most interesting one to estimate the turbine speed in small WEGS driven by means of three-phase power factor correction rectifiers in DCM. 
CONCLUSION
Five different speed estimators for variable speed PMSGs driven by a three-phase boost rectifier operating in discontinuous conduction mode have been designed and evaluated in this paper. The main difficulty for the design of all the estimators under study is both the switching noise and the low frequency harmonics that are present in the measurement signals. It may be concluded that the most appropriate estimator for this application is the LKF one, because it exhibits a good compromise among steady state performance, transient response time and peak to peak ripple in the estimation signal. Besides, the LKF estimator needs a lower computational effort in comparison to the great quantity of matrix operations needed by the EKF estimators.
